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1 INTRODUCTION

One characteristic common to a large number of unidirectional frequency-
independent log-periodic and log-spiral antennas is that radiation is directed
toward the apex or feed point of the s‘cructurel’z’3 This property is essential
to the frequency-independent behavior of the finite antenna since it makes less
important the end effect due to truncation on the side of the large elements of
the structure. That this 1s so can be seen from the requirement that the total
current on the structure must decay with distance from the feed point to avoid
a large reflection from the large-end truncation. This in turn requires that
the fields along the antenna structure decay more rapidly than inversely with
distance. This last condition is met only when the far field pattern vanishes
in the directicn of the antenna structure.

In attempting to explain this property and more generally to understand
the operation of log-periodic antennas it is found useful to think of the
antenna as a locally periodic structure whose period varies slowly, increasing
linearly with distance from the apex. This report will develop the idea by
describing the results obtained experimentally with a number of uniformly

periodic antennas. A more rigorous and detailed examination of several of

the structures will be contained in subsequent reports.




2 PERIODIC STRUCTURES

Consider first the somewhat 1dealized problem of the diffraction of a
plane wave by an 1nfiniie, periodic grating. Let the z-axis lie in the plane
of the grating, perpendicular to the lines of the grating as shown in Figure 1.
It 1s well kunown that & number of difilracted waves are produced. If the

-
1ncident wave has a propagation vector k with a projecticn B on the z-axis,
o

-
the diffracted wave of order n will have a propagation vector kn with a projection

B =B - np n-1integer (1)

2T .
on the z-axis in this formula p - 3 where a 1s the period of the grating.

Thie wave characterized by Bo 1s the fundamental wave, those described by
A
Bn(n = 0) are the space harmonics Only a finite number of the vectors kn are

real, those for which

anl < k = u4lﬁ. (2)

Equation t2) defines the "L1s1ble range" of the space spectrum which represents
waves propagating obliquely with respect to the grating axis The length of the
B
propagartrion tector kn for these oblique waves is equal to the i1ntrinsic phase
constant of the medium k, as shown 1un Figure 1. For all waves outside the
v1si1ble range the compounents of fhe propagation vectors normal to the surface
are 1maginary and the waves are evanescent waves traveling alcng thc plane of
the graring For a finite grating the beams produced ty the oblique waves are
not 1nfinitely sharp The width of beams nearly broadside to the grating is
approximately the 1nverse of the length of the grating measured 1n wavelengths.

The relative amplitudes of the various beams depend on the detailed form of the

lines of the grating
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4

The same description applies to the diffraction of an i1ncident wave having
A complex propagation vector or to any wave gulded along an infinite grating
and having a phase constant Bo 1in tha! direction. For example, Figure 2 shows
a dielectric slab bounded on one side by a conductor and on the other side by a
grating If this supports a slow fundamental wave (Bd > k) and 1f the period
a 1s small, p wi1ll be large and all the Bn = Bo—np (for n positive or negative
integer) will be larger than k. None of the diffracted waves has a real
direction of propagation which means that no obligue wave occurs If now the
spacing 1s 1ncreased, v will become smaller and all the points Bn w1ll move
toward BO. The space harmonic phase consfrant Bl which 1s nearest the visible
range will eventually obtain a magnitude less than k. When Bl = -k the diffraction
occurs 1n the negative direction (backward wave). [If the spacing 1s further
1ncreased the points Bz then BS' and so on will enter the circle of radius Kk,
and several oblique waves can result,  propagating at angles from the z-direction

which may be obtzined from the construction shown 1in Figure 2.

[ve]

cos en 5 QL (3)
Since the oblique waves carry power away from the grating, the fields near
the grating will decrease as a function of distance along the structure Thus
the propagation constants of the fundamental and all of the space harmonics will
be complex whenever any of the space harmonics correspond to an cbliique wave.
A compact representation of the frequency dependence of the propagation
constant 1s afforded by a plot of frequency versus phase constant These plots
are sometimes called w - B or k - B diagrams or Brillouin diagrams. In this

report the ordinate will be the period measured in free-space wavelengtis, and

the abscissa will be the period measured 1n wavelengths along the structure.




wo1sAS UOTSSTWSUBI] SABM MOTS e uo pasodur

JONVYH 3JT8ISIN—

. g g
/

Buryead orporaad y

*Z 2an31yg

g o | o g | %y
_ | 'y _
¥ SNIAVY 40 31OMID ~ du-Og =Yg
©
JONY Y [318ISIA
g °% [ o 1'e %y
< —+ } - } “ AOV

SIXV WNY123dS 30VvdS

% SNIdvd 40 3710410

mOPUDQZOo/z

-—— o —- o Ry L



If division by p 1s performed, Equation (1) becomes

- An - wavelength of nth wave (4)

so that the representation of each space harmonic is displaced one unit from
that of the tundamental. The condition that all space harmonics be outside the

visible range 1s expressed by

a a_ . &
Z-y={2=:-n|>= for all n
X A A
n [o]
and 1n particular
a a a
2Ll - = 5
2<d - (5)

(¢}

This condition is satisfied by all points inside the triangle on the Brillouin

diagram shown 1n Figure 3 A fundamental slow wave is represented by a line
whose slope is less than one For small values of a’A, all space harmonics

are far from the visible range, but, as points on the slow wave line approach
the right-hand edge of the triangle, the first space harmonic approaches the
visible range, and conditions for backward wave radiation are established. The
shape of the fuundamental phase curve will be modified in the vicinity of the
edge of the triangle by coupling between the first space harmonic and a free
space wave directed along the structure toward the feed point. Coupling
between evanescent space harmonics may also occur within the triangle, dis-

torting the straight line plot shown in Figure 3. The nature of the phase

curve in the Brillouin diagram must, of course, be determined for each structure.

Since the propagation constants become complex when a space harmonic
enters the visible range, the currents are attenuated. Tt 1s therefore possible

o

to build a periodic structure long enough so that the currents are negligible
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at the end This typc of currcnt distributiom 1s very uscful for antennas

Again assuming a single fundamert 2. wave the amplitudce will be of the form

-0z
e ** which gives rise to a radiation patrcrr given by
!
Pug) T (6)
1 X

where

k

X Se (.‘3 - ¢cCc= G\
A

Unlike the pattern of a uniform amplirtude dis*riburicor of length L given by

&1

where
b kL (E - cos 0)

the pattern of Equation (6) has ro =1de lobes. Whenr forward waves are used
to produce the radiation field all of the antenna elements are excited by the
radiation field. Thc antenri current distrib=®i1on 1m that cas€e €XpEriences a
sharp discontinuity at the point where the antenna conauctors terminate, as

well as at the feed point. When the radiration 1< due To a backwara wave, how-
ever, the currents cecay with aistance irom the feecd-point and the discontinuity
at the opposite end of the sntenns will be =egligib’e 1f -he anterwna 2s of suf-
ficient length.

If the antenna 1< considerea a€ an arvay o! ciscrete sources instead of

the continuous aperture treatea above, the pattern 2< given by

PuO) T3 (7)

where
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The magnitude of Equation (7) is presented in Figure 4 where the exponent is

given by
) _ B
- A+ j¢=-qa + Jka(i - cos 9) (8)

The curves of Figure 4 represent universal array factors for arrays having
exponentially tapered excitation. The polar plots of radiation patterns for
arrays of isotropic sources with this excitation can be obtained from these
curves by applying the transformaton between z and © given in Equation (7).
Several patterns deduced from Equation (7) for B/k = 4 with A = 0.3 and A = 0.6
are presented in Figure 5. The first pattern (; = 0.187) is in the excess
phase shift range of the Brillouin diagram, i.e., a/ko is inside the triangle.
At % = 0.2 the first space harmonic is at the boundary of the visible range.
The following patterns depict the frequency scanning that would be expected
1f the slowness factor, B/k and the attenuation factor @ both remain constant
with frequency

In a log-periodic grating vhe period increases progressively with distance
along the structure As a wave propagates along the grating it will successively
reach points where the various conditions outlined above will occur. If the
rate of 1ncrease of the period is slow, each small section of the structure will
produce about the same complex of diffracted waves as if it were uniformly
periodic with the average period of the log-periodic section. For the small
periods near one end of the log-periodic grating all space harmonics propagate
along the structure. Some distance away, however, the period is correct for
a backward wave to enter the visible range. For a slightly larger period this
harmonic produces an oblique wave. In this region of the structure the near

field will be attenuated as all the space harmonic propagation constants become
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c'/)\= .1866

f=1.4 Gc

Figure 5.

Radiation patterns typical of exponential taper slow wave

current

distributions
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complex numbers It the coupling is strong enough, the attenuation of the
near fields will be almost complete before the periodicity (which results in

a backward wave) changes If the coupling is too weak, the currents will
penetrate this region and will produce endfire radiation making it impossible
to truncate the structure satisfaciorily When the frequency is increased the
region where fthe backward wave 1s produced (which has been called the active
region) will move in the direction cf decreasing period. When several cells
of the periodic structure are i1ncluded in the active region, the variations
with frequency may be quite small, while too large coupling may allow

considerable variation within a log-period.
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3. HELIX-FED MONOPOLE ARRAY

An array of 1dentical elements (not necessarily the lines of grating)
placed periodically along a transmission line and coupled to 1t will also

produce a radiation pattern which can be analyzed as a sum of waves having
-3 2z
n
the € dependence on the z coordinate This may be dediced from Floquet's

theorem. While in general several values of BO and a sum of the correspounding

’

fields would be required to describe the situation completely, 1n many practical

casecs oune of these values will correspond to a dominant field and the others

»

can be neglected

As an example consider the array of monopole antennas connected to a
helical delay line as shown in Figure 6 The fundamental wave phase constant
can be approximated by considering the current to propagate along the helical

wire with Ifree-space velocity This yi1elds
BO - k csc W (9)

where W 1s the pitch angle of the helix. Since csc U > 1 the fundamental
wave 1s slow

Tf the influence of the monopoles on rhg fundamental wave phase constant
1s neglect:d, the elemen' phasing of the array may be approximately determined
by periodically sampling the phase of the slow fundamental wave. The sampling
rate determines what higher order waves (space harmonics) may be associated
with the structure, some of which might be in the visible range. Several
waves that agree 1n phase with a particular sampling of the slow fundamental
wave are shown 1n Figure 7 Because of the multiple-valued nature of phase,

the possible valuves of phase for the fundamental wave are represented by a




14

poa3 aulIT AvIap TeOTITaY ® UlrIim Aeaae olodoucw oipotasd y

‘9 @andtg

0




4x

(V]
5

PHASE DELAY

Figure 7.

®)

Space harmonics for sampling a slow wave at a specific rate

15




tamily of parallel lines displaced by 2n 7 vadians along the phase axis

Such a family of lines with Slope BO 1k 1s shown 1n Figure 7 We could
characterize "h:is fundamental wave by the relative slowness factor, BO/K = 4
The phases ovo'alned by sampling with a period a = \ 5 are 1ndicated by small
circles on the phase lines for the fundamental wave Joining the first column
of these poln's 'o the ortgin ylelds the phase lines of the space harmonics.
It 1s noted that the f1rst space nharmonic {n = 1) 1n Figure 7 1s a backward
wave All other space harmonics are removed from the visible range The
condition 1ilusrrared 1u Figure 7 1s necessary for backfire radiation Bl = -k
Other conditions are readily discernanle For broadside, Bl = 0 and for
endtire B1 -k

To check the validity of the foregoing simple theory, helix-fed monopole
arrays such as that shown 1n Figurec 8 were constructed and tested The pitch
angle of 'he helix was 18.4 degrees so that the fundamental wave phase constant
1gnoring the loading effect of the monopoles would bs approximately 3 2 k. The
heli1x was wound wi'h number 18 wire on a 9°16-1nch diameter fiber tube. On
LPM-2 (Uniform Periodic Monopole woudel 2) 5.7-cm elements were placed every
three turns of the helix so tha' the period of the radiating structure was
4 5 cm. Typical measured azimuthal radiation patterns are shown in Figure 9.
Below 1100 Mc the patterns were poorly formed 1n contrast to the nicely-shaped
beams obtained when the vackward waive appears. Backward wave radiation 1s
predominant from 1100 to 1500 Mc where the scanning of the beam begins to be
discernable At 1600 Mc two maxima occur at' angles with respect to the
antenna ax1s From the directions of these maxima (52 degrees off axis) the

fundamental wate phase constan' can be computed as 3 55 k. Evidently then the

additional slowing of the fundamental wave 1s due to the monopoles. The radiation

patterns at higher frequencies yield further values of the wavelength of the

fundamental wave as given 1n Table 1

16




17

AeJaae .nw_OQO ﬂu [= I ﬂ 2P [el F@Qumm
%
uouw 9 X119 e (0} 3pouw BlUSUWI :

*g aandryg




g=m =T
IGO0 MC 1200 MC
8=
1500 MC I'700 MC
9=_Tr\ =7
L.
1900 MC 2150 MC

18

Figure 9. H-plane radiation pattern of a helix-fed periodic monopole array
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1600
1650
1760
1750
1800
1850
1900
1950
2000
2050
2150

2700
2900

TABLE 1

Beam scanning angle antenna model UPM-2, o

e

0 © O ©O O © o O O O

.405
.435

Angle Max.

128
114
105
96
86
80
72
63
55
51
35

152
121

= 4.5 ¢cm
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The results listed 1n Table 2 are for Antenna UPM-2-1/2 which is the model
that resulted when alternate clements were removed from UPM-2 All of its
parameters are the same as the previous antenna except that the spacing

between elemznts has been doubled.

The above results for the helix fed monopoles lead to the Brillouin diagram
of Figure 10. Note that the same ordinate for both antennas occurs at a i
frequency for UPM-2-1/2 that is half that for UPM-2. This is a direct consequence
of doubling the spacing of the monopoles. The broken line on the diagram
represents the assumption that the phase velocity measured along a turn of the
feed helix is that of free-space; i.e., BO = k csc Y. The effect of monopole
loading on the propagation constant is shown by the departure of a phase curve J
from this line. As cxpeccted this effect is greater for UPM-2 than for the
model with only half as many elements.

It should be noted that between 2150 and 2700 Mc in the case of UPM-2 |
and between 1200 and 1600 Mc 1n the case of UMP-2-1/2 there is another frequency
band in which no space harmonic 1s in the visible region. The first space
harmonic has scanned from backfire to endfire and departed from the visible
region. However, at 2700 ymc (for UPM-2) and 1600 Mc (for UPM-2-1,'2) the
second space harmonic has entered the visible region. If the fundamental
wave velocity is slow enough, the second space harmonic will also scan from

backfire to endfire The presence of the second region devoid of oblique

waves is indicatcd 1n Figure 10 by the second triangle bounded by the lines

a a
o 2 |l o w
A A
fe}

and
a a
Y
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Frequengy Mc

800
850
900
950
1000
1050
1100
1150
1260

1600
1700
1800
1900
2000

TABLE I1

21

Beam scanning angle antenna model UPM-2-1/2, a = 9 cm

a/A

0.
0
0
0]
0.
0
0]
0
0

o O O O o

240

.255
. 270
.285

300

.315
.330
.345
.360

. 478
.508
.538
.568
.600

Angle Max.

128
107
100
ldO
92
73
61
53
44

132
110
87
70
53

.

= ~ ~H ~ O O O O O

N NN O~

a/\
o

.850

.926

.952
.953
.993
.10
.16
.21
.26

.68

.78 !
.03
.19
.36
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Several tapered or log-periodic models of the helix-fed monopole array
were tested with tapers defined by the taper angle a, 1n the range from 20
degrees 1o 6 degrees The augle at 1s the angle between the axis or center
line of rhe structure and a co-planar line through the outer extremeties of
the structure as shown in Figure 11. These structures did not show frequency-
1ndependent properties 1n the range ol tapers tested. The performance of
models with the smaller tapers, however, was more nearly constant with frequency
than that of models with larger taper

As was 1ndicated 1n the preceding section, the poor performance of the
truncated tapered model for all but the smallest tapers is an indication of
weak coupling between the feed waite and the radiated waves Such loose coupling
allows an overly large active region to form When elements associated with a
space harmonic 1nside the visible region carry apprecliable current, energy will
be radiated in direct:ons other than backfire In the case of tight coupling
the attenuation constant becomes sizable even inside the triangle of Figure 3,
and the elements with appreciable current are all associated with a backward
space harmonic. This condition of loose coupling i1n the case of the uniform
periodic structure 1s indicated by the formation of distinct beams as the
frequency 1s scanned since a large active region 1s required to form these
relatively narrow beams Where coupling 1s stronger, the active region on
the uniform periodic structure is much smaller giving very broad beams which

tend to coalesce 1nto a single beam which widens as frequency is 1ncreased.

This characteristic 1s well 1llustrated by the antennas of the following section.
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4 THE ZIG ZAG AND HELIX ANTENNAS

The zig zag and the helical wires shown in Figure 12 are uniformly
periodic versions of antennas which have previously been well studied in the
log-peri1odic version. The bifilar helix corresponds to the conical log-spiral

3 4,5,6 g
antenna The log-periodic zig zag has been operated as a bifilar
antenna 1n free space and as a horizontally polarized antenna over a conducting
' 7
ground screen The bent log-periodic zig zag has been shown to be a useful
vertically polarized antenna over a conducting ground screen These antennas
are const'ructed of conducting wire following a zig zag or helical path of
pi1tch angle Y and period a as indicated in Figure 12,

For rhe purpose of computing the radiation field produced by oscillating
currents 1n these wires, these periodic structures can be considered to be
linear arrays where each cell of the structure is an element of the array
Computation of the array factor depends upon the phasing between cells.

Once again the assumption of a traveling wave of current on the zig zag or

helix Proves accurate enough to be useful. If wc assume a current wave

-1ks
e I%°

Its) = (10)

where k 1s the free-space phase constaul and s 1s the distance measured along
the wire, then the phasing befween cells depends upon the length of wire con-

tained 1n each cell. The phase delay can be characterized by the phasc constant

B -k csc ¥
o

for the fundamental wave on these strucfures as was obtained in the preceding
section. Division by p yields

a A = J‘csc b (11)
[o)




Figure 12,

Periodic zig zag and helical wire structures
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and by substituring Equation (11) 1n Equaticn (5) the condition {for backward
wave radiation predicted by this approximate theory 1S seen to be

a 1 (12)
A 1 - csc¥

The validity of the foregoing theory, and in particular, the assumption
concerning the phase constant of the fundamental wave has been testcd by
making measurements on monofilar and bifilar zig zag and helical antennas. The
monofilar zig zag was fed against a short vertical wire as shown 1n Figure 13.
A Microdot cable was used for the zig zag so that the energy is brought to the
feed-point 1nside the antenna 1tself. For sufficiently high attenuation of
currents along 'he zi1g zag, the currents on the outside of the feed cable will
become negligible at a short distance from the feedpoint. By measuring the
electric vector 1n the principal E-plane of the antenna, only the field due
to the currents on the zig zag wi1ll be observed The results of these

measurements are shown 1n Figure 14. From the parameters of the zig zag

a = 4 cm

¢ =14 5°

the preceding theory would predict a backward space harmonic entering the
visipble range at frequency of 1 5 Gc Backward wave radiation would be
expected at frequencies somewhat below 1.5 Gc. since the antenna 1s finite.
trong coupling would also cause the onset of the backward wave at a lower
frequency than predicred above The highest gain should occur at these lower
frequencies because of the excess phase shift and also because the small
attenuation of current ar these frequencies allows a deeper penetration of

currents 1nto the structure
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A numbcr of bifilar zig zug antennas have also been tested. In this case
the detector (bolometcr or crystal) was mounted directly at the feedpoint of
the antenna, and the antenna conductors were used to conduct the audio signal
(1000 cycle square wave modulation) to the recorder With this method of feed
1t was a simple matter 1o fruncarec the antenna at a number of successively
decreasing lengths and obtain an estimate of the depth of penetration of
currents on the antenna The results of this series of measurements are
shown 1in Figure 15. It 15 readily observed that the current 1s practically
negligible beyond the fourth cell since the pattern obtained with 3 or more
cells remains unchanged

According to the approximate theory a bifilar zig zag antenna with the
same paramet'ers as giiten above would also have a backward space harmonic at
1500 Gc as before Below this frequency the pattern should be highly directive,
and above this frequency the maximum of the beam should scan away from backfire,
through broadside, to endfire The actual performance of this antenna is
shown in Figure 16

Several factors which are quantitatively unknown at present may serve
to explain deviations from the simple theory. At the lowest frequency there
1s a small lobe 1n the endfire direction. This 1s probably evidence of end effect
on the antenna 'f the current wave on the structure 1s not sufficiently
attenuated, 1t will be reflected from the open end of the structure. This
reflected current wave will produce backward wave radiation, but 1in the endfire
direction The length necessary to avold this end effect ai any gilven Irequency
1S dependent upon the attenvation of the currents The dependence of the

atrtenuation upon the paramctcrs of several different structures is a subject of
continuing 1nvestigation at our laboratory This attenuation also governs the

shape of the patterns at the higher frequencies
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As mentioned before the approach of space harmonics near to the visible
range will modify the fundamental wave phase constant. This modification will
1nvolve a variation 1n the phase constant previous estimated by Equation (9)
as well as the appearance of an attenuation constant Furthermore, there
may be other fundamental wave constants for the zig zag wire in addition to
the one given by Equation (9) which we have assumed here to be predominant.

The measurements described above have also been made on monofilar and
bifilar heli1x antennas and similar results have been obtaired. The zig zag
and helical antennas operating i1n the backfire condition have a smaller cross
section 1n terms of the wave;ength than the conventional 2ndfire zig zag
and helical antennas.

A Brillouin diagram for the bifilar zig zag is shown in Figure 17. The

broken line results from the assumption of propagation at free-space velocity

along the wire This curve 1s given by
a a
—~ = : csc ¥
A A
o

The measured points on Figure 17 were determined by establishing a standing
wave on the zig zag and measuring the distance along the axis betwgen nulls.
The standing waves were produced by a short circuiting plate 60 inches square
at the end of a zi1g zag with 15 cells. At ; = 0.2 the current distribution
begins a transition from a standing wave to a rapidly decaying wave. Jome
typical records of the near field measurements are shown in Figure 18. A
value of ; = 0 2 corresponds to the frequency at which backfire radiation
patterns are observed from this zi1g zag antenna

The Brillouin diagram 1n Figure 17 1s different from others =2;pearing in

this report 1n that the phase curve does not start at the origin of the diagram.
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This is a characteristic of the backward wave The Brillouin diagram represents
one cell of a periodic figure; each cell is called a Brillouin zone. It has
been the practice here to use that zone which most nearly corresponds to the
been the practice here to use that zone which most nearly corresponds tc the
measured results. In the case of Figure 17 the curve is plotted in the n - -1
zone (o0 indicate the observcd phase progression toward the feed point, This
curve also indicates that the wave length along the structure ivcrveases with
frequency from a minimum at zero frequency given by the pevica of the structure.
This corresponds to the plus minus polarity change along the structure that
would be observed if the structure were excited bv direct current.

Several log-periodic versions of the zig zag antenna have been studied4
The bifilar log-periodic zig zag »ntenna is shown in Figure 19. TFTigure 20
is a typical radiation pattern of this antenna. The mecrofilar horizontally-
polarized zig zag antenna is shown in F:zgure 21 with typical patterns in
Figure 22. Several mode’s of the vertically-polarv:ized bent zig zag4 are
shown in Figure 23. The evidence of Figure 15 shows that the currents on a

zig zag wire are highly attenuated when the coupling between the backward

enaerr harmans ~ avnAd o~ Frvrmmn e S5 oo oo = a5 Tr
M 03 o © 6 oomo o B L T T T SR R O VR VN

that it should be possible tc convert this periodic structure into a fre-
quency 1ndependent antenna by applying a taper. Furthermore, the angle of
taper need not be kept very small in order that the log-periodic variations

in performance be smoothed out.
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Figure 19. A log-periodic bifilar zig zag antenna
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Figure 20. Radiation patterns of a log-periodic bifilar zig zag antenna
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5. PERTODIC STRUCIURES WITH RESONANT ELEMENTS

The pericdic zig zag and helix antennas have similar Brillouin diagrams,
They are both characterizer by a perturbation of the slow wave line shown 1n
Figure 3. The perturbation occurs at the boundary of the triangle where the
first backward space harmonic crosses into the visible region. It 1s
1nteresting 'o note that one sfructure serves dual functions as transmission
line and radiating elements 1n both 'he zig zag and the helix There are
other periodic structures which make excellent frequency independent antennas
1n the tapered (log-periodic) version and yet which have a different type of
Brillouin diagram. The periodic dipole array shown schematically 1in Figure 24
is the forcemost example of this type7 In this case the functions of
transmission line and radiating element are performed by distinct, although
1nteracting, e€lements

The Brillouin diagram of the periodic dipole array 1s characterized by
certain frequency bands where waves can propagate along the structure with
essentially undiminished amplitude In other bands rapid attenuation of the

feeder current occurs even though the phase constant of the currents along

the feeder carreannandae tn 3 noaaIint an the interinr Anf the trvianale fav vomavnAd

from the boundary The periodic loading of the transmission line in this
case evidently produces an effect analogous to periodic loading in a wa;eguide.
In the latter case passbands and stopbands alternate 1un the frequency spectrum.
In the stopbands the propagation constants of all the space harmonics are
complex and energy does no! peneirate a large distance 1nto the structure.

Typical feeder voltage plots obtained on a uniform periodic dipole,

using the short-circul! termination as previously desciibed, are shown 1n Figure 25
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From the standing wave characterized by the deep nulls at 400 Mc it is apparent
that this frequency is in the passband of the structure. At 530 Mc, however,

the field decays so rapidly that the short-circuit no longer influences the
near-field distribution. This indicates that 530 Mc is in the stopband.

The Brillouin diagram constructed from a series of such plots is shown in

Figure 26. The slant line in Figure 26 represents a wave with free-space
velocity. At low frequencies a slow wave propagates along the dipole array.

As we approach the half-wave resonant frequency, however, the slowness increases
quite rapidly with increasing frequency so that the group velocity g% is very
small. In infinite closed periodic structures the phase constant curve continues
to the center of the triangle (a/ko = 0.5) at which point the group velocity

is zero (point A in Figure 26). The propagation constant for all space harmonics
becomes; complex at this point and the phase constant remains fixed while the
attcauaticn constant varies with frequency inside the stopband. The phase

shift per cell of each space harmonic inside the stopband is some multiple

of 7 radians. The stopband is produced by coupling between forward and

backward waves on the structure rather than by coupling to a free-space wave.

In the dipole array this coupling is predominant near the resonant frequencies

P T B (4 FOREE | SR T P Tt okl 4 [} L] B} i L B}

- . B L bt T IR T T T T N PP ]

can be expected to be perturbed somewhat from the idealized case of the infinite,
lossless periodic structure.

Above the first stopband is another passband similar to the one at lower
frequencies except that the wave on the line is fast over a portion of the band.
Even though the phase velocity along the line is fast, there is little radiation
in this band because of the twisted feeder shown in Figure 24. The phase

velocity corresponding to the dipole excitation remains slow. At the frequency
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where the dipoles again possess resistive input impedance (near one wavelength)
the velocity along the line reduces to the free-space value. Above this
frequency the feeder wave is again slow; the velocity diminishing rapidly as
the edge of another stopband is approached. The properties of the second
stopband are similar to the first except for being located near the frequency
where the elements are three half wavelengths long. The number of stopbands
displayed by a particular dipoie array depends upon the density of dipoles.
Increasing the number of dipoles increases the capacitive loading per unit
1eng£b at the lower frequencies and thereby influences the phase velocity.
This in turn makes it possible for several resonances of the dipoles to
occur within the frequency span limited by 0 < % < 0.5. Applications of this
phenomenon have been made to multi-band antennaslo

The radiation patterns of the uniform dipole array are essentially the
same as those obtained from other periodic structures having exponential
current distributions. In passbands the pattern is multi-lobed as expected
from a standing wave excitation of the dipoles. In the stopbands, however,

a well-formed unidirectional beam is obtained. Patterns of the uniform dipole

array which are typical of the passband and stopband are shown in Figure 27.

Tie UeocmLlal 1ULE UL LUE LWibdLEU 1EEUEr 1l proaduclng the pacKiire radiation

pattern is illustrated by means of the series of Brillouin diagrams described

below. Consider first the idealized diagram shown in Figure 28a. Let us

2n

A
o

Even though these results were mcasured for the feeder voltage rather than

suppose that this gives the phase constant of the feeder current, BO =

current, the phase progression of both on an infinite structure should agree.
The phase shift from cell to cell would be Boa. The phase shift in the current

from one dipole to the next would be half this value However, at each dipole
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the twist in the feeder adds an addition T radians. To calculate the phase

shif' between dipoles spaced by s = a/2 we can compute a phase constant for

the antennas

B s = % -7 (13)

or, in terms of wavelength Aa of the wave progressing from dipole to dipole

S S
=5 - 2 (9
a [o]

Hence the Brillouin diagram for the dipole currents which corresponds to
Figure 28a for the feeder currents would appear as shown in Figure 28b. Using
the actual data measured on the uniform dipole array from Figure 26 leads to
the diagram for the dipole current shown in Figure‘29 Note that the phase
progression in the dipole currents is opposite to that of the feeder currents.
Note also that all points are well within the triangle, removed from the
visible range. The radiation is therefore produced by a slow backward wave

along the dipoles.
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6. CONCLUSIONS

The treatment of the various periodic structures described in this report
has been made suggestive and descriptive to illustrate the underlying principle.
Detailed studies of most of the structures described here will be the subject
of technical reports to follow. Although the relation between periodic structures
and log-periodic structures has been emphasized here, the usefulness of the
periodic antenna itself should not be overlooked. The periodic antenna has
useful properties not shared with log-periodic antennas. Among the notable
properties of periodic antennas are the frequency-scanning capability of some
of these structures and the absence of sidelobes in the backfire mode. The
Brillouin diagram has long been used as a tool in studying and explaining the
performance of the closed periodic structures. Here an extension is made to
open structures and an interpretation of the diagram for antennas is given.

The backfire property 1s required of the periodic structure to allow tapering
to a successful log-periodic antenna.

As our knowledge of these antennas increases it should be possible to

satisfy mcst antenna specifications as to polarization, gain and bandwidth.

For example. a gain eauivalent tn tho maim ~f ~ 3:0- L U0 Gipuies wiln

Hansen-Woodyard excess phase shift has been obtained with a backfire bifilar
helical antenna with a pitch angle of 45 degrees. Needless to say, this
antenna has a very narrow bandwidth for this gain. However, gains of this
order should be obtainable with the log-periodic version of this antenna if

an extremely slow rate of taper were used. In this way, high gain and large
bandwidth antennas could be built, but at the expense of very large structures.
Where the gain requirements are more moderate a given bandwidth can be achieved

. . . . 3
with much smaller structures such as l1he log-spiral of more conventional dimensions
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Thgre are many advantages to the viewpoint of periodic structures in
antenna design, particularly when the number of elements is large. Treating
each element separately in such a case becomes vastly complicated because of
the large number of mutual impedances needed to describe the system adequately.
From the point of view of periodic structures, the coupling between elements
is incorporated in the theory of the infinite structure. This allows the

designer to reckon by the forest instead of by the tree.
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